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This presentation

« An overview of Fluidity

« Some very brief comments on things to consider when conducting
numerical simulations

« Issues you need to think about

« Things you need to be wary of

* This is a personal view of this area, it does not replace a full course on
numerical analysis, numerical methods for (O or P) DEs, etc, where
many of these concepts would be covered in more detalil

« Remember that many of the concepts related to stability, convergence,
order, best practice, stabilisation, etc, are common to many methods /
codes



The Name

Fluidity, ICOM, Fluidity-ICOM?

For a number of reasons, some good, some not so good, a number of
names have been used for the code we’re discussing here. They are all,
and always have been, one and the same thing!

If an application was CFD-like we tended to use ‘Fluidity’
If an application was GFD-like we tended to use ICOM’

Now that the code is released to multiple communities we need to clarify
things to avoid confusion

The current convention is to use ‘Fluidity’ as the name of the CFD model as
well as the overall modelling (code) framework

and to use Fluidity-ICOM for GFD / ocean applications

and Fluidity-**** for other application areas under development (e.g. ****
could take the form: Stokes, Rocks, Solids, Atmos, ICAM, RT, ... in the
future, yet to be decided)



What is Fluidity?

« A whole bunch of Fortran, C/C++ and Python*

* linked to a number of external libraries

« to solve a variety of PDE systems

« using control volume / finite element discretisation methods
« on unstructured (adapting) meshes

* in parallel

« coupled to external models / codes as well as internal modules

 NB. Remember that a fixed structured mesh is a sub-case of an adapting
unstructured mesh, but our implementation of methods always assumes
unstructured — this has implications on coding and CPU costs

« * Approximately: Fortran: 300k, C/C++: 50k, Python: 40K lines, including comments /
white space, and in tests / examples: .flml: 160k, .geo: 17k



What is Fluidity?

Itis (GNU LGPL) open source, and has been for a number of years

But we are only officially releasing it and holding the first training event
now

We hope it will become a successful ‘community’ model with wide user
and developer engagement and contributions

Please remember that a code such as this is always in development

We need you input and comments on all aspects: technical,
pedagogical, etc...

In particular, one role of this first training workshop is to see what works
and what doesn’t, please send me your comments and suggestions



Some computational fluid
dynamics (CFD) examples



CFD validation: Comparisons between drag calculation in
flow past a sphere at a range of Re numbers
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A movie showing the magnitude of velocity in a slice
through the 3D domain

Notice that the problem is using an adaptive mesh and with the settings used
the wake becomes under-resolved downstream of the sphere




CFD example: 2D flow over a
backward facing step

The whole domain, and zooms showing a passive
tracer, vorticity and the adapting mesh are shown
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An example of the complex structures that can be resolved

e




3D backward facing

step

This is run in parallel and the
Individual sub-domains can be
seen
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Spurious

Structured vs unstructured meshes stress

Better representation of geometry, also the ability to .
the subdivide elements (hence smoothly varying
resolution) without leaving ‘hanging nodes’




Some geophysical fluid
dynamics (GFD) examples



A highly multi-scale example:
astronomically forced M2 tide in
the North Atlantic coupled to the
North and Baltic Seas

A high resolution mesh is required to resolve
the channels connecting the Baltic and North
Seas but a much coarser mesh is acceptable in
the North Atlantic

More than two orders of magnitude difference
between coarsest and finest resolutions

frees
-0.857 -0286 0286 0857 143  2.00 -0.143  -0.0857 -0.02




2D example with buoyancy: lock exchange problem
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Here the adaptive mesh is focusing in and preserving the integrity of the
thermocline in a lab scale simulation of internal wave generation, breaking
and mixing over bathymetry




Salt fingers: double diffusive process in a periodic domain
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A high® aspect ratio restratification problem with Coriolis and buoyancy

The real aspect ratio 500:1

lemperature

000090 043 087 13 17
- Do Temperature

0.78 1.0 1.2 _1.5 1.7
EE - .

Set up taken from: Rousset et al. A multi-model study of the restratification phase in
an idealized convection basin. Ocean Modelling, 26(3-4): 115-133, 2009.




Some introductory comments
on numerical simulation



What should you worry about when choosing which code to use?

Does it claim to model the sort of problem / physics you want?

Has it demonstrated this claim?

Do you have to pay for it?

Does it make use of pre or post-processing software that you have access to?

How easy is it to set-up problems from scratch, how many useful sample
configurations are there?

Is there a testing suite that ensures robustness?
Can you see the source code, and edit / contribute if you want?

Will you be able to compile and usefully run it on the computers you have
access to?

How active is development?

What is the likely longevity of the project?



Some important things to consider in numerical simulation

(physical considerations)

What is your domain / geometry

What are the underlying physics (dominant processes, physical
parameters, non-dimensional numbers, etc)

What equations should you consider — are they available in the code
currently?

What are the boundary conditions? Are they consistent with the physics /
equations

What are the initial conditions? Are they consistent with boundary
conditions, a divergence-free initial velocity etc

Forcing — do you need an external data set or can you set via an analytical
function



Some important things to consider in numerical simulation

(numerical considerations)

 Mesh - start simple, can you use a uniform, or structured mesh (and do
you want to)

* Numerical discretisation (a mammoth topic)

« Do you need to ‘model’ unresolved processes or physics that is not
represented (another mammoth topic)

» |s stabilisation required — use with care

« Qutputs / diagnostics — are they available, are they costly and should you
compute them online or offline?

« Qualitative and quantitative analysis of outputs
« Error analysis
* Mesh refinement

« Convergence (spatial and temporal)



Some important things to consider in numerical simulation

Remember that a numerical model really is a model — it only approximates the
real system, and that system may be so complex that this model may make
huge assumptions / simplifications

Remember that a single simulation is almost certainly useless,

as it's quite possible to get pretty much the right answer for the wrong reasons
You will want to run an appropriately chosen suite of simulations

You definitely need to vary details of the discretisation and mesh,

and very likely you will want to vary some of the physical parameters
governing the problem

Think about this when you are designing your simulation set-up

You will have to be self-adaptive, e.g. based on your first simulation, and the
time it takes to run, you may have to rapidly re-think things



Some important things to consider in numerical simulation

In presentations and publication reviews you will almost certainly be
asked guestions such as:

“How do you know that your results are correct?”

“Are your simulations, and hence your conclusions, sufficiently
independent of the details of the discretisation / resolution?”

So think about whether you have been sufficiently rigorous in your
experiments (and / or are familiar with other relevant experimental
studies that others have performed) to robustly respond to these



Domain / geometry — one of the CFD examples




Domain / geometry

Obviously this is critical as it is likely to be a significant controlling factor on
the solution

Can it be defined simply, e.g. by points and straight lines in Cartesian space?

If so, a number of mesh generators can be used to represent the surface of
the domain and then mesh the interior, our current favourite is Gmsh (open
source)

If it is more complex then you may need to interface to a sophisticated CAD
package, or a CAD description of the geometry may be you starting point.
You may need to invest more time, effort and money in mesh generation
software

When designing the geometry you will need to think about the boundary
conditions you will want to apply and consequently apply surface labels to
identify them later



Domain / geometry — one of the GFD examples
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Domain / geometry — some advice

« Start as simple as possible and build up the complexity when you are
confident you can run a simple problem in a simplified geometry

« Think ahead — perhaps use more labels to ID surfaces than you think
you need right now, this will help you to generalise this geometry in the
future

« Add comments to the file describing your geometry / surface labelling /
meshing options so you can easily edit later or re-use for a similar
problem



An unstructured mesh of tetrahedra for a CFD example

step3d.geo
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Mesh

Define the geometry

Mesh the surfaces

Mesh the volume

Do you want refinement in certain regions?

Do you want to construct the mesh region-by-region and do you want to
preserve this distinction? e.g. to preserve material properties or exactly
represent initial conditions or boundary conditions

Are you going to employ dynamic mesh adaptivity in the simulation?

Some advice:
— Start simple, both the geometry and mesh, and then systematically build up complexity
— e.g. start with a box and a structured uniform mesh

— Think ahead, choose divisions of lines so you can easily refine/coarsen later in powers
of 2, e.g. starting with 2”n divisions gives you scope to both refine and coarsen in a
systematic way to look at convergence



An unstructured mesh of triangles for a GFD example
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Physics and equations

What are the dominant physical processes?
What are the unknowns?
What equation sets do you need and how are they coupled?

What are the physical parameters?

Some advice:

— Consider starting simple, e.g. possibly consider not including buoyancy or
rotational effects initially and build up the complexity systematically

— Remember that parameters such as viscosity will have a strong impact on
the scales of motion — start with parameters that should yield simpler
physics, and hence easier simulation, and then build up the complexity
slowly



Boundary conditions (BCs)

Don’t forget that these are just as important as the underlying equations — the
problem is not completely described without appropriate BCs

They should be based on physics, i.e. they are strongly dependent on the
equations being solved and also on the geometry, not all BCs are possible / yield
well-posed problems

Many problems are strongly influenced by behaviour at boundaries and errors
here are very likely to pollute the solution everywhere

Lack of the expected order of convergence could be due to inaccuracies in BCs

The BCs you can apply, and how they are implemented, is strongly dependent on
the discretisation you are using (e.g. with FEM which terms you integrate by parts)

We are in good shape with FEM as things match the physics naturally, but there
are many options for the precise details of the BCs and so lots of scope for going
wrong

You may need to interface to external data sets, e.g. for real world atmospheric
forcing



Initial conditions (ICs)

« Should be consistent with the underlying equations and boundary
conditions

« Do you know the initial conditions from a previous run or an external
data set?

« Do you want to define an analytical function, or interpolate from
another mesh?

« Can you spin up some variables from zero? A common choice for
velocity



Forcing

External data sets
Analytical functions

Body forces or surface forces

Some advice:

— If the system is forced in multiple ways consider applying each individually before
trying in combination

— Fluctuations in the forcing could result in a particular frequency signal in the solution

— 10O/ calculation could be costly



Outputs

If you start by comparing to another numerical simulation that reports / plots a
particular output metric, or a system for which some sort of observational data
exists, can you reproduce these guantities for your simulation?

Is it a costly calculation to compute this quantity — is it best to calculate online or
offline?

Run a base simulation with all the diagnostic outputs you want, and then
without any, note the difference in CPU time, there could be a significant
difference and this may make you far more choosy in what outputs you switch
on, or to redesign an online quantity to be computed offline

Remember that taking derivatives of the numerical solution can rapidly erode
accuracy and can lead to noisy output diagnostics, that’s pretty much a fact of
life in numerics

Do you need the diagnostic to be computed in a consistent manner with the
discretisation, e.g. consider which function space it's appropriate to do things in



Discretisation options

This is an entire career in itself
Huge range of options exist

A large number are available in Fluidity — note that it is far easier to choose
a bad combination than a good one!

The ability to make good decisions comes from a large amount of study,
Implementation, and experience

Don’t forget that accuracy, stability, appropriateness of certain BCs, are all
completely reliant on the discretisation choices

Some advice:

Ask for advice!

Consider starting from a numerical configuration already set-up for a similar problem,
don’t assume this is all appropriate for your problem or even for the problem it previously
solved

Try to understand why particular choices have been made - ask lots of questions on why
Start defensive — a very safe / boring option with lots of stabilisation and implicitness, and
then finesse once you have something working

Read chapter 3 of the manual, the references therein, and at the end of this presentation



Usability: problem set-up with Diamond

An xml schema file
describes the rules that
govern model options

Diamond uses this to
automatically generate a
GUI based on the
schema

Options are entered and
output as another xml file
containing the options
values

This is written to an
options library accessible
from anywhere in code

Includes many features,
including the ability to
define python functions
executed at run time
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def val(x, t):
# Function code
return # Return value

where X is a tuple of length geometry dimension.
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Mame Value

Data
def val(x,t);
import math
length=1.0e+8
return math.cos(X[0]/length*math.pi)

[ Rewvert Data " Store Data

Comment
Setting the initial conditions for the free surface
height.
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Robustness: automated
code verification system

All models require rigorous
validation / verification. A continuous
automated approach is required as
the codebase changes.

A central copy of the
source is kept in a
subversion repository.
When developers commit changes
this must result in a pass of the
code test suite.

Commit to source

Buildbot checks out and builds on
various platforms with several
different compilers. Any errors are
relayed back to developers.

If a failure is detected in a test problem, the developers are notified details via email.

Global Tidal Simulations

Anisotropic Adaptivity

Rotating Annulus

Automated build

g

Serial simulations

Parallel simulations

Unit tests

Pass/Fail

(Farrell
et al.)

Profiling data collected

North Atlantic

o

Buildbot

Lid Driven Cavity

Developers notified

Statistical information about code quality is automatically collected from the newly validated
code. This allows for the monitoring of performance. Results available via a web interface.

This modern approach to software engineering has yielded dramatic improvements in code

quality and programmer efficiency.



Some additional examples



Advecting a tracer field through a
boundary layer — prescribed velocity

4

Initial Gaussian tracer s X 10

field advected with the
velocity field from the 40k max
Stommel gyre — '
stretching through the
boundary layer makes
this a tough problem for

the advection method.

Number of nodes

Number of nodes
against time shown
right with 5 different
error weights.




Comparisons between uniform fixed and adaptive simulations

Fixed Adaptive
10 - 10 :
9.5 _ 95 Maximum tracer
= 160k | E concentration against time —
= o) 12 o should be constant at 10.
= =
8.5 85¢
40k
10k L
8 : 8
0 5 10
Time x 10
0.4} 0.4
0.35} 0.35 1
0.3 0.3 . L2 norm of error compared
. 025! 025 . to an exact solution obtained
= S . . :
= 02 Z 02 by mtegrat!ng b_ack particle
0.15 0.15 paths, against time.
0.1 0.1
0.05¢ 0.05
0 0
Page - 0

Time x 10°



Wind driven gyre: western
boundary current (e.g. Gulf
Stream) and eddies resolved
with anisotropic resolution

@
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Validation against Laboratory

experiments o

The 3D differentially heated rotating

annulus at two rotation rates. The bounds 0.800
of the normalised temperature have been

limited to aid visualisation at the end of oir
the movie

0.800

0.700

0.600

l 0.500

R. Hide and P.J. Mason 1975: Sloping convection
in a rotating fluid. Adv. Phys. 24, 47-100



Recent quantitative comparisons with heat

Two Snapshots In time at transport data from lab runs shows that it is
- hard to beat an optimised fixed mesh at
the faSter rotation rate lower rotation rates, but adaptivity does

seem to be needed for higher rotation rates
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Mixed layer deepening with a RANS model - TKE
and adapted mesh in a periodic domain

[urbulentKineticEnergy
0.0004

-0.0003
0.0002

10,0001

8c-06




Physics Plankton Biology

Phytoplankion
0.00489 0.0293 0.0537 0.0781 0.102 0.127 0.151 0.176
Zooplankion
0.00782 0.0310 0.0541 0.0773 0.100 0.124 0.147 0.170
o T
Nuf;énf
0.493 1.11 1.72 233 294 3.56 4.17 4.78

Detritus
0.00900  0.0197 0.0304 00411 00518 0.0625 0.0732 0.0839




Sediment Concentrafion (%)
0.00 0.00214 0.00429 0.00643 0.00857 o.0107 0.0129 D.0150

Sediment
transport with
4 grain size
classes

Based on our
framework
developed to
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Atmospheric pollution

dispersal
Royal Albert Hall Us




Mesh adaptivity



Operations used by the mesh optimisation algorithm, driven
by an inhomogeneous & anisotropic metric obtained from s
error analysis (library described in Pain et al., 2001) (
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Anisotropic mesh optimisation via a Hessian based metric

« Motivated initially by fact that discretisation errors can be linked to
interpolation errors

« Linear interpolation error in 1D -> error is proportional to the mesh spacing
squared multiplied by the exact solution’s second derivative

« In multi-dimensions it is bounded over an element by v'|H|v where H is the
Hessian matrix and v is an arbitrary vector in the element (e.g. take the
edges of the element)

« We seek an adapted or optimised mesh which equidistributes this error, i.e.
a mesh where all edge lengths satisfy vT|H|v=¢ — a user defined tolerance

« Equivalently all elements should be equilateral and of unit size when
considered in a metric (or computational) space defined by the metric M=
|H|/e

. Optimal elements in physical
| space are those which are the
\/ ) realisation of equilateral
/e \( v/ elements under a coordinate
. " transform obtained from the
Hessian (directional stretching)




Formulating an optimisation problem (3D)

Form an optimisation functional, in 3D we use:

Fe—%Z(n—1)2+(3—1)2

leL. Pe
First term ensures good edge length, second
term helps with element shape

. . |H]
Evaluate with respect to a metric M = —
where H is the Hessian matrix, ¢
motivated by linear interpolation error

Minimise the functional through local mesh
operations

The total metric is actually formed by
combining metrics for each solution field,
incorporating user-defined weightings of each,
and applying constraints of max/min edge
lengths, max. number of nodes and gradation
to ensure smooth variation of mesh sizes

Following rotation to coordinate axis, edge
lengths still satis
0 V2w . 0%
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Two-dimensional
mesh optimisation

For 2D applications we
use the approach of
Lipnikov et al. and their
libmba library

E.g. An example of the effect
of an edge swap on the
element quality functional for
a pair of elements in 2D. The
2D functional is optimal for a
value of unity here
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